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heat  exchanger  conditions.  Film  build-up  rates  were  established  for  a 
variety  of  conditions. 

The  average  film  build-up  rate  and  heat  transfer  rate  are  in- 
versely proportional  to  the  test  time.  The  measured  total  hot-side 
thermal  resistance  of  the  fouled  probe  increased  linearly  with  time. 
After  a 5-hour  test,  the  measured  fouling  thermal  resistance  factor 
was  1.5  times  the  recommended  Tubular  Exchangers  Manufacturers' 
Association  design  factor.  During  the  shipboard  fouling  probe  test, 
the  measured  fouling  thermal  resistance  factor  reached  up  to  four 
times  the  recommended  Tubular  Exchangers  Manufacturers'  Association 
factor.  As  the  average  surface  temperature  for  the  tests  increased, 
the  average  fouling  film  build-up  rate  and  the  film  sulfur  content 
decreased.  Lower  wall  temperatures  produce  thicker  fouling  films. 

The  thermal  conductivity  of  the  test  films  ranged  from  0.0204  to 
0.0272  British  thermal  unit  per  hour-degree  Fahrenheit-foot  squared 
per  foot  (0.0353  to  0.0470  joule  per  second-Kelvin-meter  squared 
per  meter) . 

There  was  a good  correlation  between  elements  of  the  fuel  and 
elements  in  the  fouling  films.  Up  to  30  percent  by  weight  of  the  film 
samples  consists  of  metals  and  sulfur  present  in  the  fuel  as  impur- 
ities or  additives.  The  films  are  suspected  to  consist  of  alkali 
metal  sulfates  in  concentrations  of  10  to  30  percent  by  weight. 

Fouling  deposits  from  shipboard  waste  heat  boiler  operation,  unlike 
those  from  land-based  operation,  will  be  affected  by  more  alkali 
metals  in  salty  air. 
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ABSTRACT 


This  report  discusses  test  results  of  inserting  a 
cooled  cylindrical  fouling  probe  unit  in  a shipboard 
LM  2500  and  land-based  Solar  Saturn  gas  turbine  ex- 
hausts. These  probes  are  heat  pipes  exposed  to  sam- 
pled, particulate-laden  exhaust  gases,  cooled  by 
ambient  air  and  instrumented  such  that  the  fouling 
probe  test  unit  becomes  a total  heat  flux  measurement 
device  for  film  chemistry  and  heat  transfer  experi- 
ments under  simulated  heat  exchanger  conditions.  Film 
build-up  rates  were  established  for  a variety  of  con- 
ditions. 

The  average  film  build-up  rate  and  heat  transfer 
rate  are  inversely  proportional  to  the  test  time.  The 
measured  total  hot-side  thermal  resistance  of  the ' 
fouled  probe  increased  linearly  with  time.  After  a 
5-hour  test,  the  measured  fouling  thermal  resistance 
factor  was  1.5  times  the  recommended  Tubular  Exchangers 
Manufacturers’  Association  design  factor.  During  the 
shipboard  fouling  probe  test,  the  measured  fouling 
thermal  resistance  factor  reached  up  to  four  times  the 
recommended  Tubular  Exchangers  Manufacturers’  Associ- 
ation factor.  As  the  average  surface  temperature  for 
the  tests  increased,  the  average  fouling  film  build-up 
rate  and  the  film  sulfur  content  decreased.  Lower 
wall  temperatures  produce  thicker  fouling  films.  The 
thermal  conductivity  of  the  test  films  ranged  from 
0.0204  to  0.0272  British  thermal  unit  per  hour-degree 
Fahrenheit-foot  squared  per  foot  (0.0353  to  0.0470 
joule  per  second-Kelvin-meter  squared  per  meter). 

There  was  a good  correlation  between  elements  of 
the  fuel  and  elements  in  the  fouling  films.  Up  to 
30  percent  by  weight  of  the  film  samples  consists  of 
metals  and  sulfur  present  in  the  fuel  as  impurities 
or  additives.  The  films  are  suspected  to  consist  of 
alkali  metal  sulfates  in  concentrations  of  10  to  30 
percent  by  weight.  Fouling  deposits  from  shipboard 
waste  heat  boiler  operation,  unlike  those  from  land- 
based  operation,  will  be  affected  by  more  alkali 


ADMINISTRATIVE  INFORMATION 

This  investigation  consists  of  analysis  of  tests  done  in  1976  thru 
March  1977  and  completed  in  1978  under  Work  Unit  1-2720-152  (Propulsion 
Technology  Development),  Element  62543N,  Task  Area  SF  43  432  301.  This 
work  was  done  in  the  Gas  Turbines  Branch  of  the  Power  Systems  Division, 
Propulsion  and  Auxiliary  Systems  Department,  David  W.  Taylor  Naval  Ship 


Research  and  Development  Center,  through  support  provided  by  the  Naval  Sea 
Systems  Command  (SEA  0331G) . 


-y  INTRODUCTION 

The  use  of  heat  recovery  with  shipboard  gas  turbine  engine  exhausts 
has  generated  a need  to  examine  operational  problem  areas  of  waste  heat 
boilers  (WHB's).  To  ensure  dependable  boiler  operation,  it  is  necessary 
to  minimize  gas-side  fouling  of  boiler  tubes  if  the  fouling  cannot  be 
eliminated.  This  fouling  of  a waste  heat  boiler  will  produce  increased 
boiler  core  gas  pressure  drop  which  increases  back  pressure  on  the  gas 
turbine  propulsion  engine,  resulting  in  loss  of  power  output  and  higher 
fuel  consumption.  Gas-side  fouling  also  produces  films  which  act  as  re- 
sistances to  heat  transfer  and  as  media  for  corrosion  of  boiler  tubes. 

This  report  summarizes  work  done  at  this  Center  on  the  subject  of  gas- 
side  fouling  of  boiler  tubes.  Some  of  the  goals  of  this  effort  are  to: 

1.  Establish  fouling  film  build-up  rates  under  simulated  WHB*  econo- 
mizer tube  conditions. 

2.  Study  fouling  effects  on  heat  transfer. 

3.  Characterize  fouling  film  chemistry  in  relation  to  properties  of 
the  fuel,  combustion,  and  exhaust  conditions. 

4.  Obtain  data  base  of  WHB  design  guidelines  concerning  fouling  from 

several  gas  turbine  engine  exhausts.  , — — 

These  goals  have  been  fully  or  Jarbi^lly  accomplished  through  approx- 
imately 300  hr  of  turbine  testing  using  cylindrical  fouling  probe  test 
units.  This  unit  is  a bare  heat  pipe  whose  evapo^a^or  end  is  exposed  to 
gas  turbine  exhaust  gases  and  whose  condenser  end  is  cboled  by  air  flow 
through  a calibrated  orifice.  The  fouling  probe  test  unitXs  instrumented 
to  convert  it  to  a total  heat  flux  measurement  device  for  experiments  of 
film  build-up,  chemistry,  and  heat  transfer  effects.  This  unit  ^as  tested 
in  several  gas  turbine  engines: 


*Definitions  of  abbreviations  used  are  given  on  page  v 


1.  For  up  to  100  hr  at  the  Center  during  short  duration  tests  in  an 
exhaust  of  a Saturn  gas  turbine. 

2.  For  84-  and  114-hr  tests  at  sea  aboard  the  MTS  ADMIRAL  WILLIAM 
CALLAGHAN  in  its  starboard  LM  2500  gas  turbine  exhaust. 

BACKGROUND 

Mention  of  some  current  and  past  efforts  on  gas-side  fouling  of  heat 

exchanger  tubes  from  gas  turbine  exhausts  is  meaningful.  Current  efforts 

beside  those  of  the  Center  are  under  way  at  the  Solar  Turbines  Inter- 
1* 

national  under  Navy  Contract  N-024-77-C-4366.  Some  past  efforts,  during 

the  mid-  to  late-1960's,  were  done  by  Hamilton  Standard  for  the  U.  S.  Air 

2 3 4 

Force  and  by  the  U.  S.  Naval  Postgraduate  School.  ’ The  ASME  Committee 

on  Corrosion  and  Deposits  from  Combustion  Gas  has  produced  a reference3 

found  useful  during  this  study. 

Solar  Turbines  International, ^ as  of  August  1978,  has  conducted  foul- 
ing tests  with  a module  of  high  continuous  finned  tubes  of  various  fin 
spacings  exposed  to  exhausts  from  a combustor  rig.  Tests  for  determina- 
tion of  fouling  film  build-up  rates  have  been  made  at  various  smoke  num- 
bers and  gas  velocities  for  constant  gas  temperatures  of  850°F  (454°C) . 
There  is  a relationship,  noticeable  in  the  Solar  Turbines  International 
effort,  between  exhaust  smoke  number  and  the  film  build-up  rate  for  con- 
stant exhaust  temperatures.  During  one  Solar  test,  at  high  soot  loadings, 
soot  bridged  across  the  entire  fin  gaps  of  a tube  with  nine  fins  per  inch 
(gaps  of  0.083  to  0.116  in.).  Progress  on  this  effort  discusses  the  re- 
sults of  many  cleaning  tests  and  several  energy  dispersive  X-ray  (EDX) 
elemental  analysis  of  fouling  films.  Film  sulfur  levels  for  Solar  tests, 
as  in  this  Center  effort,  represent  a notable  fraction  by  weight  of  the 
fouling  film  for  gas-side  tube  wall  temperatures  both  above  and  below  the 
sulfuric  acid  dewpoint  temperature  of  the  exhaust  gas. 

2 

The  objective  of  the  Hamilton  Standard  fouling  study  was  to  experi- 
mentally determine  the  effects  of  exhaust  gases  on  various  types  of  heat 


*A  complete  listing  of  references  is  given  on  page  39 


T 


exchangers  which  would  be  used  in  a heat  recovery  system  including  pressure 
drop  and  heat  transfer.  The  following  list  represents  test  parameter  var- 
iables used  in  the  program: 

1.  Gas  inlet  temperatures:  600°,  1100°,  and  1400°F. 

2.  Face  velocities:  11,  20,  33,  40,  46,  and  60  ft/s. 

3.  Fuel-air  ratios:  0.009,  0.011,  0.015,  0.018,  0.020. 

4.  Metal  temperatures:  250°-900°F. 

5.  Fuel  types:  JP-4  (MTL-J-5724) 

Combat  (MIL-G-3056) . 

Seventeen  heat  exchangers  were  manufactured  from  AISI  347  stainless 
steel  for  the  project.  The  types  of  heat  exchanger  modules  used  were  as 
follows: 

1.  Plate-fin-ruffled. 

2.  Plate-fin-straight. 

3.  Coil  tube  with  helically  would  fins. 

4.  Tubular-staggered  bank. 

The  heat  exchangers  were  placed  in  the  exhaust  of  a JT-3  annular  can  burner 
modified  to  use  low  flow,  commercial,  oil  burner  nozzles  compatible  with 
the  relatively  low  air  flows.  All  heat  exchangers  were  run  with  and  with- 
out barriers  in  the  gas-side  flow  area.  Tests  employing  various  surface 
roughnesses  and  coatings  of  the  heat  transfer  surfaces  on  the  gas  side 
were  also  run. 

Results  of  the  Hamilton  Standard  program  are  many.  Effects  of  some 
parameters  of  interest  to  this  report  are  summarized.  It  should  be  noted 
that  these  early  test  programs  did  not  measure  the  exhaust  particulate 
loadings.  Well  developed  instrumentation  was  not  available.  Therefore, 
it  is  impossible  to  say  how  these  exhaust  particulate  levels  compare  with 
the  present  test  programs  or  if  they  were  consistent  within  the  test  pro- 
grams. In  general,  it  can  be  said  that  early  gas  turbine  exhaust  partic- 
ulate levels  wete  higher  than  presently  acceptable  levels. 

1.  Fuel-air  ratio  - Fouling  rates  increase  with  an  increase  in  the 
fuel-air  ratio. 

2.  Temperature  - Exhaust  gas  temperatures  have  a relatively  signifi- 
cant effect  on  fouling,  with  the  larger  fouling  rates  at  the  lower  gas 


i 
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temperatures.  The  Hamilton  Standard  study  concluded  that,  contrary  to 
expectations  and  findings  by  others,  the  wall  temperatures  themselves  did 
not  produce  such  a trend.  The  Center  study  produced  a noticeable  effect 
on  fouling  by  the  wall  temperature. 

3.  Exhaust  gas  velocity  - The  exhaust  gas  velocity  through  the  heat 
exchanger  was  found  to  have  the  most  dominant  effect  of  all  parameters 
considered.  As  the  gas  velocity  decreases,  the  fouling  deposits  increase. 
Decreasing  the  velocity  of  a straight  plate-fin  heat  exchanger  from  60  to 
20  ft/s  increased  the  pressure  drop  by  250  percent  in  25  hr  of  test  time 
and  decreased  the  gas-side  heat  transfer  coefficient  (hA)  40  percent.  The 
most  rapid  increases  of  fouling  rates  occurred  at  velocity  less  than 

30  ft/s. 

4.  Fuel  type  - Combat  gasoline,  a leaded  fuel,  produces  greater  foul- 
ing than  JP-4.  Lead  deposits  adhere  more  firmly  to  the  metal  surfaces  and 
do  not  blow  off  or  burn  off  as  easily  as  deposits  from  JP-4. 

5.  Surface  roughness  - Two  tubular  units,  with  surfaces  mechanically 
roughened,  were  tested  and  compared  to  a standard  unit.  After  a 25-hr 
fouling  test,  the  resultant  differences  were  insignificant. 

6.  Core  configuration  - The  straight  plate-fin  units  produced  the 
highest  pressure  drop  increases  due  to  fouling.  Then  came  ruffled  plate- 
fin  units,  tube  bundles,  and  coil  tubes.  No  significant  trends  or  differ- 
ences existed  concerning  reductions  in  heat  transfer  (hA)  for  different 
configurations  tested.  Lower  pressure  drop  increases  (by  about  30  percent) 
resulted  from  straight  plate-fin  test  units  with  24  fins  per  inch  compared 
to  18  fins  per  inch  test  units. 

7.  Extended  running  time  - Most  of  the  test  runs  were  25  hr,  but  one 
was  extended  to  78  hr  at  severe  fouling  conditions.  During  the  first 

20  hr,  the  highest  degree  of  fouling  occurred.  After  that  time,  the  gen- 
eral condition  was  to  stabilize  or  actually  decrease.  It  cannot  be  stated 
conclusively  that  a run  of  several  hundred  or  several  thousand  hours  will 
act  similarly. 

3 4 

In  the  mid-1960's  the  U.  S.  Naval  Postgraduate  School  ’ conducted 
an  experimental  investigation  of  fouling  effects  on  heat  transfer  rates 
and  pressure  drop  characteristics  in  compact  gas  turbine  regenerator 


geometries.  The  heat  exchanger  units  tested  were  very  compact  plate  and 
fin  units.  Exhaust  gas  velocities  to  55  ft/s  (16.8  m/s)  and  temperatures 
to  1950°F  (565. 6°C)  were  generated.  The  regenerator  modules  were  in- 
stalled in  the  exhaust  of  a gas  turbine.  By  changing  the  engine  bleed, 
and  therefore  the  load  on  the  engine,  the  exhaust  gas  temperature  could  be 
varied.  The  engine  used  marine  diesel  fuel. 

v 

Primary  factors  affecting  fouling  and  its  effects  were  the  gas-side 
surface  temperature  and  gas  composition.  The  lower  the  average  gas  tem- 
perature the  greater  the  fouling  rate.  The  pressure  drop  through  the  heat 

exchanger  unit  is  very  nearly  inversely  proportional  to  the  hydraulic 

3 

diameter  to  the  4.5  power.  This  was  concluded  from  examination  of  the 
usual  friction  factor  versus  pressure  drop  relationship.  Any  small  change 
in  gas-side  hydraulic  diameter,  such  as  by  fouling,  will  have  a radical 
effect  on  unit  pressure  drop.  This  work  concluded  that  the  effect  of  fou’.- 
ing  on  pressure  drop  characteristics  was  found  to  be  more  pronounced  than 
the  effect  on  heat  transfer. 

A wall  temperature  effect  was  noted  from  the  NPS  effort.  After  run- 
ning similar  modules  at  constant  gas  temperatures  but  with  different  cool- 
ing air  and  heat  transfer  surface  temperatures,  the  increase  in  friction 
factor  was  greatest  for  the  coolest  module  and  least  for  the  hottest. 

Fouled  surface  cleaning  methods  were  also  tested. 

FOULING  PROBE  TESTS 


CENTER  TESTS 

At  the  Center,  the  fouling  probe  test  unit  was  tested  in  a Solar 
Saturn  gas  turbine  engine  exhaust  at  several  ranges  of  gas  velocities,  gas 
temperatures,  and  probe  hot  wall  temperatures.  Center  test  times  were 
limited  to  approximately  5 hr  of  turbine  operating  time  per  test  day.  A 
drawing  of  a cylindrical  fouling  probe  test  unit  is  shown  in  Figure  1.  A 
stainless  steel  heat  pipe  is  used  for  rapid  transfer  of  exhaust  gas  heat 
at  the  bare  cylindrical  hot  end  to  the  finned  condenser  end,  cooled  by  air 
from  a blower.  The  blower,  supplying  probe  cooling  air,  was  regulated  so 
that,  for  a given  exhaust  gas  temperature,  a desired  range  of  probe  hot 


Figure  1 - Cylindrical  Fouling  Probe 


wall  temperatures  was  reached  on  the  fouled  portion  of  the  probe.  Cool- 
ing air  inlet  and  exit  temperatures  were  monitored  as  were  pressures  across 
the  calibrated  orifice.  In  this  way,  the  heat  transfer  rate  from  the  con- 
denser end  of  the  heat  pipe  was  calculated  for  data  recorded  every  5 or 
10  min  of  the  tests.  Exhaust  velocity  was  measured  by  a kiel  pitot  probe 
in  the  vicinity  of  the  fouling  probe.  Temperatures  of  turbine  exhaust 
gas  and  probe  hot  walls  were  measured  by  thermocouples.  The  probe's  hot 
end  was  placed  4 in.  into  the  exhaust  flow  at  several  sections: 

1.  A 19-in. -diameter  duct  where  gas  velocities  ranged  from  290  to 
450  ft/s  (88  to  137  m/s)  during  test. 

2.  Above  a 9-  x 48-in.  baffled  stack  exit  to  the  atmosphere  where 
velocities  in  the  exhaust  outlet  plume  ranged  from  134  to  289  ft/s  (40  to 
88  m/s)  during  tests. 

Exhaust  gas  particulate  measurements  were  made  near  the  fouling  probe 
location  by  use  of  an  EPA  Method  5 sampling  train  which  is  designed  to 
allow  isokinetic  sampling.  Following  each  test,  the  accumulated  fouling 
film  thickness  was  measured  by  use  of  a Jones  and  Lamson  EPIC  30  optical 
comparator  and  measuring  machine.  This  device  measures  at  0.01-mil 
(0.254-ym)  accuracy  and  allows  photography  of  the  fouling  film  in  a small 
spot  up  to  a magnification  of  200.  Figure  2 is  a photograph  of  an  en- 
larged film  showing  a small  scraped  region  which  is  used  as  a reference 
mark  for  film  thickness  measurement.  Following  each  test,  fouling  films 
were  removed  from  the  probe  and  collected  for  later  analysis.  Fuel  sam- 
ples and  filtered  particulate  samples,  when  obtained,  were  also  saved  for 
later  analysis. 

ADMIRAL  CALLAGHAN  TESTS 

Experimental  data  using  the  fouling  probe  test  unit  in  the  exhaust 
of  the  starboard  LM  2500  were  gathered  during  ADMIRAL  CALLAGHAN's  east- 
ward passage  of  Cruise  148  from  Bayonne,  New  Jersey,  to  Bremerhaven,  West 
Germany,  from  28  November  1976  to  7 December  1976.  The  probe  assembly 
was  installed  in  the  stack  through  an  access  plate  above  the  exhaust 
silencer,  located  between  the  second  and  third  decks.  Instrumentation, 
similar  to  the  Center  test,  was  used  to  measure  and  record  probe  wall 


temperatures,  pressures  for  determination  of  probe  cooling  air  mass  flow 
rates,  exhaust  gas  velocity  and  isokinetic  stack  sampling  rate,  exhaust 
gas  temperatures,  particulate  concentration,  sulfur  gas,  and  moisture 
levels  of  the  exhaust  near  the  probe.  During  shipboard  tests,  engine  con- 
ditions were  periodically  monitored  and  recorded.  The  fouling  probe  was 
used  for  two  test  periods  of  84  and  114  hr  during  the  voyage.  Midway 
through  the  voyage,  the  starboard  engine  was  stopped  for  probe  removal, 
thickness  measurements  of  the  foulant  film  on  the  tube,  and  film  sample 
recovery  before  probe  reinsertion  for  the  second  test.  At  the  voyage's 
end,  the  probe  was  removed  following  the  114-hr  test  and  was  stored  in  a 
container  with  foulant  film  intact  for  later  measurements  and  analysis. 

For  the  ADM  CALLAGHAN  test,  the  cylindrical  fouling  probe  is  assem- 
bled in  a can  which  positions  the  4-in.  active  probe  length  24  in. 

(.0,61  m)  away  from  the  exhaust  duct  wall  (see  Figure  1).  The  probe  assem- 
bly was  inserted  into  a port  of  the  9-  x 13-ft  (2.74-  x 3.96-m)  stack 
almost  at  the  midpoint  of  the  stack  width.  The  baffles  of  the  silencer 
directly  beneath  the  probe  reduced  the  effective  flow  area  of  this  9-  x 
13-ft  cross  section  by  almost  50  percent.  At  this  location,  local  exhaust 
gas  velocities  ranged  from  60  to  94  ft/s  (18.3  to  28.7  m/s).  These 
measured  velocities  were  checked  by  comparisons  with  expected  engine  ex- 
haust mass  flow  rates  for  many  sets  of  engine  conditions  recorded  during 
the  tests. 


FOULING  FILM  BUILD-UP  RATES 

A summary  of  fouling  build-up  and  fouling  rates  from  the  Center  and 
ADM  CALLAGHAN  tests  of  the  cylindrical  fouling  unit  is  given  in  Table  1. 
Exhaust  velocities,  probe,  and  gas  temperatures  are  also  listed.  Fig- 
ure 3 graphically  presents  the  fouling  film  build-up  data  as  a function 
of  test  time.  Also  included  in  Figure  3 and  summarized  in  Table  2 are 
fouling  film  data  from  tests  performed  by  Solar  Turbines  International, 
San  Diego,  California. 

The  Solar  Turbines  International  data  is  obtained  from  tests  which 
utilize  a module  constructed  from  finned  tubing  of  various  fin  spacings 
and  run  in  the  exhaust  of  a combustor.  The  Center  and  ADM  CALLAGHAN 
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tests  were  run  with  an  isolated  cylindrical  tube.  The  Solar  Turbines 
International  combustor's  exhaust  particulate  loading  could  be  adjusted 
over  a wide  range.  In  fact,  tests  were  performed  up  to  a smoke  number  of 
60  using  the  von  Brand  method.  The  Center  and  ADM  CALLAGHAN  tests  were 
performed  in  the  exhaust  of  an  actual  gas  turbine  where  the  exhaust 
particulate  loading  can  only  be  influenced  by  the  fuel  and  engine  opera- 
tions. Exhaust  particulate  loadings  in  these  tests  were  measured  with  an 
EPA  Method  5 sampling  train.  Although  it  is  difficult  to  relate  the  two 
measurements  of  exhaust  particulate  loading,  it  is  expected  that  von 
Brand  smoke  numbers  between  5 and  20  correspond  to  exhaust  particulate 

. / 

loadings  obtained  with  the  Center  and  ADM  CALLAGHAN  tests. 


TIME,  TEMPERATURE,  AND  VELOCITY  EFFECTS 
ON  FOULING  BUILD-UP 

Center  tests,  summarized  in  Table  3,  were  accomplished  in  two  se- 
quences over  a 4-month  period.  First  fouling  probe  tests  were  run  at 
high  probe  wall  temperatures,  high  Saturn  gas  turbine  exhaust  temperatures, 
and  at  exhaust  velocities  greater  than  those  of  later  Center  and  ADM 
CALLAGHAN  tests.  Some  thermal  cycling  tests  were  done  in  the  first  series 
of  Saturn  engine  exhaust  tests  of  the  fouling  probe.  Thermal  cycling 
refers  to  operating  the  fouling  probe  at  various  cooling  loads  while 
operating  the  gas  turbine  at  various  power  levels. 

The  second  period  of  fouling  probe  tests  in  the  Saturn  engine  exhaust 
was  run  with  the  fouling  probe  assembly  in  the  exhaust  at  the  stack  out- 
let. This  location  was  selected  because  the  exhaust  temperature  is 
approximately  the  same  at  both  locations  while  the  velocity  is  much 
smaller  at  the  stack  outlet.  During  the  second  period  of  testing,  larger 
fouling  film  build-ups  were  noted. 

The  fouling  probe  tests,  in  the  shipboard  LM  2500  gas  turbine  exhaust, 
consisted  of  two  runs  of  84  and  114  hr  of  probe  insertion  time.  In  these 
tests,  the  probe  film  thicknesses  were  larger  than  those  produced  by 
shorter  duration  tests  at  the  Center.  Because  of  the  long  test  duration 
during  shipboard  tests,  average  fouling  film  build-up  rates  were  lowest 
for  all  tests  but  were  near  those  rates  obtained  during  the  first  test 
series  of  the  probe.  During  shipboard  tests,  the  exhaust  gas  velocity 
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was  the  lowest  for  the  three  test  series.  The  probe  hot  wall  temperature 
was  kept  low.  Conditions  of  shipboard  tests  were  similar  to  those  which 
produced  the  largest  fouling  film  thickness  obtained  from  the  short 
Saturn  engine  tests.  The  consistency  of  the  fouling  films  formed  seems 
influenced  by  insertion  time,  probe  wall  and  exhaust  gas  temperatures, 
exhaust  velocity,  and  fuel  sulfur  content,  among  other  factors.  Films 
formed  during  short  duration  tests  were  more  porous  and  easier  to  remove 
than  those  harder,  denser  films  which  were  found  after  the  longer  tests. 
The  probe's  exposure  to  a hot  exhaust  gas  for  a long  test  may  have  an 
effect  on  film  formation  to  some  steady-state  thickness  which  becomes 
hardened  on  the  tube's  surface. 

There  appears  to  be  a relationship  between  the  average  film  build-up 
rate  and  the  probe  insertion  time,  as  shown  in  Figure  4.  In  Figure  4,  the 
range  of  a given  test's  film  build-up  rate  is  plotted  against  its  inser- 
tion time.  Average  or  single  rate  values  are  encased.  The  vertical  lines 
in  Figure  4,  at  any  test  time,  indicate  the  range  of  fouling  film  build-up 
rate  over  the  time  interval.  There  is  a range  since,  for  some  tests,  many 
measurements  of  film  thickness  were  made  at  different  locations  on  the 
probe.  The  encased  values,  in  these  cases,  represent  the  build-up  rate 
using  the  average  of  all  measurements.  The  von  Brand  smoke  number  is  also 
shown  for  the  Solar  Turbines  International  test  data.  All  other  data  in 


Figure  4 are  for  Center  tests  in  Saturn  and  ADM  CALLAGHAN  LM  2500  en- 
gines' exhausts.  The  dotted  line  is  drawn  through  the  points  for  Center 
tests  which  have  nearly  similar  ranges  of  probe  wall  temperature  and 
exhaust  gas  temperature.  From  Tables  1 and  2,  it  is  noted  that  predom- 
inant local  gas  velocities  for  the  tests  shown  in  Figure  4 ranged  as 


follows: 

1.  For  Center  tests  in  Saturn  exhausts  250-290  ft/s 

2.  For  Solar  Turbines  International  tests  20-40  ft/s 

3.  For  LM  2500  tests  61-90  ft/s 

The  General  Electric  Company  has  supplied  data  on  the  IM  2500  engine 

exhaust  smoking  characteristics  from  combustion  of  a No.  2 diesel  fuel 
with  a distillation  curve  similar  to  that  of  the  CALLAGHAN  test  fuel. 

The  LM  2500  exhaust  has  a low  smoke  number  during  its  operation 
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(SAE  5.4  to  18)  similar  to  Solar  Turbines  International  tests,  but  local 
gas  velocities  were  not  similar.  It  is  conceivable  that  the  value  of  the 
fouling  rate  will  increase  with  decreasing  local  gas  velocities  when 

other  conditions  remain  the  same. 

2 

A Hamilton  Standard  study  of  the  exhaust  gas  effects  on  heat  ex- 
changers of  various  geometries  determined  the  effect  of  longer  running 
times  on  the  basic  parameters  of  pressure  drop  and  heat  transfer  changes. 
This  study  supports  the  behavior  shown  in  Figure  4.  Hamilton  Standard 
concluded  that,  during  the  first  20  hr,  the  highest  degree  of  fouling 
occurred;  after  that  time,  the  general  condition  was  to  stabilize  or 
actually  decrease.  (It  should  be  noted  that  no  exhaust  particulate  load- 
ing data  is  available  for  the  Hamilton  Standard  tests.  It  is  suspected  to 
be  high,  contributing  to  the  rapid  fouling  build-up  and  early  stabiliza- 
tion.) The  study  also  concluded  that  velocity  of  the  exhaust  gas  was  the 
most  dominant  effect  of  all  parameters  considered  - the  lower  the  veloc- 
ity, the  greater  the  fouling  thickness. 

The  Solar  Turbines  International  data  in  Figure  4 shows  higher  foul- 
ing rates,  but  it  should  be  remembered  that  some  of  this  data  reflects 
the  high  exhaust  gas  particulate  loadings  (high  von  Brand  smoke  numbers) . 

In  general,  Figure  4 suggests  that  the  fouling  rate  is  time  dependent. 

Based  on  these  three  sources  of  data  for  operation  over  various  conditions, 
it  is  difficult  to  speculate  on  the  exact  time  dependency  of  the  fouling 
rate. 

Sufficient  data  from  the  Center  tests  was  available  to  plot  the  foul- 
ing rate  versus  probe  temperature  at  a relatively  constant  test  time 
(see  Figure  5) . This  figure  shows  that  the  fouling  rate  is  greatly  in- 
fluenced by  the  wall  temperature.  As  the  average  wall  temperature  in- 
creased, the  average  fouling  rate  decreased  (lower  wall  temperatures 
produced  thicker  fouling  films). 

3 4 

The  Naval  Postgraduate  School  heat  exchanger  fouling  study  ’ indi- 
cated similar  effects  of  wall  temperature  on  fouling  build-up.  The  Hamil- 

2 

ton  Standard  heat  exchanger  fouling  study,  contrary  to  expectations,  did 
not  produce  such  a trend.  It  should  be  noted  that  Hamilton  Standard  had 
difficulties  in  measuring  wall  temperatures  during  their  tests. 
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Figure  5 - Effect  of  Probe  Hot  Wall  Temperature 
on  Fouling  Rate 
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Previous  studies  have  shown  that  there  is  an  effect  of  both  velocity 
and  gas  temperature  on  the  fouling  rate.  Unfortunately,  insufficient  data 
was  available  to  clearly  demonstrate  these  effects.  In  general,  the  Center 
test  data  agrees  with  previous  tests  which  show  that  the  fouling  rate 
increases  with  decreasing  velocity  through  the  heat  exchanger  and  de- 
creasing gas  temperature. 

HEAT  TRANSFER  EFFECTS 

The  cylindrical  fouling  probe  was  instrumented  sufficiently  to  allow 
the  determination  of  heat  transfer  rate.  Data  was  generally  taken  at 
regular  intervals,  thus  allowing  heat  transfer  histories  to  be  established. 
It  is  assumed  that  the  decrease  in  heat  transfer  rate  and  the  increase 
in  thermal  resistance  indicated  by  the  probe  are  a result  of  the  fouling 
build-up  on  the  probe.  An  estimate  of  the  fouling  film  thermal  conduc- 
tivity can  be  made  if  the  average  thickness  of  the  fouling  film  is  mea- 
sured after  the  test. 

It  should  be  mentioned  at  this  point  that  the  calculated  heat  trans- 
fer and  resistance  show  significant  scatter.  This  type  of  behavior  can 
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also  be  seen  in  the  Hamilton  Standard  and  Naval  Postgraduate  School  ’ 
tests.  It  is  not  inconceivable  that  this  data  actually  reflects  the  random 
build-up  and  removal  of  the  fouling  film.  During  the  Center  tests,  the 
exhaust  conditions  of  the  gas  turbine  were  held  constant  and  steady.  The 
scatter  can  therefore  be  attributed  primarily  due  to  the  fouling  film 
behavior.  The  ADM  CALLAGHAN  data  is,  in  addition,  subjected  to  known 
variations  in  gas  turbine  power  level  and  unknown  variations  in  ambient 
conditions.  It  is  therefore  not  surprising  that  this  data  shows  more 
scatter.  As  will  be  shown  below,  the  important  information  is  obtained 
from  the  long  term  trends  of  the  data. 

The  total  hot-side  thermal  resistance  of  the  probe  can  be  related  to 
the  heat  transfer  in  the  following  manner: 


where  Tg  is  the  gas  temperature  measured  near  the  probe,  is  the  aver- 
age wall  temperature  of  the  portion  of  the  probe  in  the  gas  stream,  and 
Qc  is  the  heat  transfer  measured  at  the  condenser  end  of  the  heat  pipe. 

At  clean  probe  conditions,  near  time  zero,  the  thermal  resistance  cal- 
culated above  is  due  to  convection  and  radiation  only.  At  later  times  or 
at  the  end  of  the  test,  another  thermal  resistance  is  calculated  from 
Equation  (1).  The  difference  between  the  thermal  resistance  at  time,  t, 
and  that  at  time,  zero,  is  the  thermal  resistance  due  to  film  conduction. 
For  a bare  cylinder  with  a film  thickness,  FT,  much  less  than  the  cylinder 
diameter,  the  thermal  resistance  change  due  to  conduction  through  the 
film,  AR,  is  expressed  as  a function  of  the  surface  area  of  the  cylinder 
with  the  fouling  film,  A^,  the  film  thickness,  and  the  thermal  conduc- 
tivity of  the  fouling  film,  K^,  as 


AR  = 


(2) 


where  C is  a constant  depending  on  units  used. 

The  measured  heat  transfer  rate,  Q^,  is  based  on  the  heat  removed  by 
the  cooling  air  from  the  condenser  end  of  the  heat  pipe  as 
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The  mass  flow  of  cooling  air,  m,  is  calculated  as  a function  of  the  mea- 
sured blower  inlet  air  temperature,  static  pressure  before,  and  pressure 
drop  across  a calibrated  orifice.  Since  the  heat  pipe  is  a high  effi- 
ciency device,  the  heat  transferred  to  the  pipe's  hot  end  from  the  exhaust 
gas  is  assumed  to  be  equal  to  the  measured  heat  transferred  to  the  cool- 
ing air. 

Figures  6,  7,  and  8 are  plots  of  the  total  hot-side  thermal  resis- 
tance of  the  fouling  probe  and  the  measured  heat  transfer  rate  versus 
probe  insertion  time  for  selected  Center  tests.  In  each  test,  the  follow- 
ing trends  were  noted: 
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1,  The  measured  heat  transfer  rate  decreased  linearly  with  fouling 

time. 

2.  The  measured  total  hot-side  thermal  resistance  of  the  fouled 
probe  increased  linearly  with  time. 

Plots  of  heat  transfer  data  for  the  114-hr  shipboard  test  of  the 
probe  exposed  to  the  LM  2500  exhaust  are  shown  in  Figures  9 and  10  for 
changes  with  time  of  the  measured  heat  transfer  rate  and  thermal  resis- 
tance. As  in  the  shorter  tests  of  probes  exposed  to  Saturn  engine  ex- 
hausts, the  thermal  resistance  increased  with  time  and  the  heat  transfer 
rate  decreased  with  time  for  a constant  mass  flow  of  cooling  air.  These 
changes  were  not  as  linear  with  time  as  were  those  for  the  short  Saturn 
engine  tests. 

CALLAGHAN'S  LM  2500  engines  are  operated  on  a daily  power  profile 
which  causes  the  exhaust  conditions  to  vary  with  respect  to  time  of  day. 
Some  of  the  scatter  of  the  CALLAGHAN  test  data  heat  transfer  rate  and 
thermal  resistance  is  caused  by  the  variation  of  exhaust  conditions.  The 
Center  tests  (Figures  6,  7,  and  8)  were  operated  at  nearly  constant  load 
in  a narrow  range  of  exhaust  gas  temperatures.  This  type  of  operation 
caused  the  more  uniform  film  build-up  at  a given  exhaust  temperature  and 
more  consistent  changes  with  time  of  the  heat  transfer  data  for  Center 
tests. 

The  sharp  rises  and  declines  of  Figures  9 and  10  are  characteristic 
of  those  noted  in  other  data  on  thermal  resistance  due  to  fouling  deposi- 
tion on  heat  exchanger  surfaces.  Temperature,  velocity,  surface  roughness, 
surface  adhesion  characteristics  of  particulate  film,  and  flow  turbulence 
will  determine  both  the  deposition  and  removal  rates  and  hence  the  rises 
and  declines  of  the  thermal  resistance  with  operating  time. 

Heat  transfer  data  for  several  selected  fouling  tests  have  been  sum- 
marized in  Table  4 for  time-dependent  reductions  in  measured  heat  transfer 
rates,  Qc,  and  for  time-dependent  increases  in  the  measured  total  thermal 
resistance  of  the  probe.  This  data  does  not  show  any  clear  trend  in  terms 
of  a variation  of  a measured  parameter's  reduction  or  increase  as  a func- 
tion of  test  time.  Time,  temperature,  exhaust  velocity,  fuel,  particu- 
late loading  of  the  exhaust,  probe  operation,  and  other  effects  cause  the 


Summary  of  lotal  Hot-Side  Thermal  Resistances  of  Fouling  Probe 
during  Shipboard  Tests,  Average  T = 338°C  (640°F) 


TABLE  4 - SUMMARY  OF  SELECTED  HEAT  TRANSFER 
AND  RESISTANCE  CHANGES 


Heat  Transfer  Rate  Hot-Side  Thermal  Resistance 


Test 

Duration 

(hr) 

Initial 

Value 

(Btu/hr) 

Percent 

Measured 

Reduction 

Initial 

Value 

Percent 

Measured 

Increase 

°R-hr/Btu 

°R-hr-ft2/Btu 

2.9 

1163 

26.9 

0.34 

0.0301 

34.1 

3.1 

1220 

26.2 

0.30 

0.0226 

40.0 

3.8 

1213 

12.8 

0.253 

0.0224 

12.5 

5.1 

1200 

32.6 

0.324 

0.0287 

51.8 

44.0 

1740 

7.2 

0.53 

0.0470 

28.3 

114.0 

1740 

49.7 

0.53 

0.0470 

81.1 

inconsistency  noted  in  Table  4.  For  example,  even  though  the  3.1-  and 
3.8-hr  tests  were  run  at  nearly  the  same  range  of  exhaust  gas  temperature 
and  velocity,  the  3.8-hr  test  had  probe  hot  wall  temperatures  much  higher 
and  hence  film  build-up  rates  and  thicknesses  much  lower  than  those  values 
for  the  3.1-hr  test.  The  thermal  resistance  change  per  unit  test  time  for 
the  3.1-hr  test  should  be  expected  to  be  more  than  that  for  the  3.8-hr 
test.  Therefore,  any  correlation  of  the  thermal  resistance  change  must 
include  the  accompanying  change  in  film  thickness.  The  calculation  of 
fouling  film  thermal  conductivity  shown  below  is  such  an  attempt. 

The  CALLAGHAN  tests  of  longest  times  and  lowest  exhaust  gas  veloc- 
ities produced  the  thickest  films,  as  expected,  and  the  highest  increases 
in  total  thermal  resistance  and  highest  decreases  in  heat  transfer  rate. 
The  insulating  property  of  a thick  film  of  low  conductivity  plays  an  im- 
portant part  in  these  maximum  increases  and  decreases  for  the  114-hr 
CALLAGHAN  test. 

Calculations  of  fouling  film  thermal  conductivity  were  made  by  use  of 
film  thickness  and  hot-side  thermal  resistance  data.  When  the  initial 
minimum  and  the  final  maximum  hot-side  thermal  resistances  are  known,  the 
thermal  resistance  of  the  fouling  film  equals  the  difference  of  the  two, 
or  AR.  The  surface  area  of  the  fouled  probe,  A^,  is  calculated  using  a 


total  diameter  which  includes  probe  diameter  and  two  film  thicknesses, 

2 FT.  The  thermal  conductivity  of  the  fouling  film,  K^,  can  be  calculated 
from  Equation  (2). 

Table  5 shows  fouling  film  thermal  conductivities  for  selected  tests. 
In  the  six  cases  analyzed,  the  film  thermal  conductivity  ranges  from 
0.0204  to  0.0272  Btu/hr-°F-f t2/f t (0.0353  to  0.0470  J/s-K-m2/m). 

This  is  a notable  correlation  considering  that  the  data  covers  two 
different  series  of  tests  with  significantly  different  time  frames.  Also, 
the  fouling  films  of  the  two  test  series  were  significantly  different  in 
thicknesses  and  consistencies.  As  mentioned  before,  the  fouling  films 
observed  in  the  Center  tests  were  light  and  sooty,  while  those  from  the 
ADM  CALLAGHAN  tests  were  more  adherent  and  harder. 

It  is  expected  that  this  fouling  film  thermal  conductivity  can  be 
related  to  thermal  conductivities  of  the  gas  components  of  the  exhaust  gas 
and  the  solid  constituents  of  the  fouling  film. 

When  trying  to  relate  the  calculated  thermal  conductivity  to  these 
gas  and  solid  constituents,  it  becomes  apparent  that  this  fouling  film  is 
an  excellent  insulator,  especially  at  the  film  temperature  it  is  subjected 
to.  Some  high-temperature  insulating  materials  have  thermal  conductivity 
values  which  are  almost  twice  as  large  as  was  calculated  for  the  fouling 
film. 

The  thermal  conductivity  of  typical  gas  constituents  of  the  exhaust 
gas  agrees  rather  well  with  the  calculated  fouling  film  thermal  conduc- 
tivity. Air^  has  a thermal  conductivity  of  0.0266  Btu/hr-°F-f t2/f t at 
the  typical  exhaust  gas  temperature  of  600°F  and  0.0225  at  the  typical 
film  temperature  of  400°F.  Combustion  products / of  fuel  oil  have  a some- 
what lower  thermal  conductivity  range:  0.0233  at  600°F  and  0.0193  at 
400°F . 

Information  on  the  thermal  conductivity  of  the  fouling  film's  solid 

constituents  is  more  difficult  to  obtain.  The  thermal  conductivity  of 

carbon  powders  or  lamp  black  can  range  from  0.012  to  0.038  Btu/hr-°F-f t2/f t 

2 

at  temperatures  of  approximately  100°F.  At  the  higher  temperatures  of 
interest  to  the  fouling  film,  these  values  for  thermal  conductivity  would 
be  even  higher. 
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Based  on  the  limited  information  on  thermal  conductivity  which  was 
obtained  from  the  heat  transfer  data,  it  is  difficult  to  propose  a model 
of  the  fouling  film;  additional  data  is  needed  as  to  the  density  of  the 
film,  and  the  structure  of  the  film  layer  must  be  examined  in  more  detail. 
Even  the  assumptions  need  to  be  reexamined.  It  was  assumed  here  that  the 
entire  increase  in  resistance  is  attributable  to  the  fouling  film.  Actu- 
ally the  roughness  of  the  probe  surface  changes  with  the  film  build-up 
which  will  affect  the  convective  resistance  of  the  probe. 

FOULING  FILM,  EXHAUST  PARTICULATE,  AND  TEST  FUEL  ANALYSIS 

Exhaust  gas  particulates  were  sampled  at  isokinetic  sampling  rates 
according  to  procedures  for  EPA  Method  5 sampling  trains.  Foulant  film 
samples,  taken  following  each  fouling  test,  and  filtered  particulate  sam- 
ples were  analyzed  using  X-ray  fluorescence  (XRF) . The  XRF  method  pro- 
duces an  elemental  analysis  of  the  sample.  Fuels,  burned  during  film 
formation  and  particulate  sampling  tests,  were  sampled  following  each  test. 
These  fuel  samples  were  analyzed  in  a variety  of  ways  by  several  sources. 
Results  of  these  sample  analyses  are  now  discussed  in  reference  to  ele- 
ments of  the  fuel  found  in  the  foulant  films. 

Analysis  results  are  given  in  Table  6.  From  10  to  30  percent  by  weight 
of  the  soot  and  foulant  film  samples  are  sulfur  and  metals,  suspected  to  be 
mostly  metal  sulfates.  The  remaining  70  to  90  percent  of  the  samples  were 
mostly  carbon,  hydrogen,  oxygen,  and  nitrogen,  which  are  not  identified 
by  the  XRF  analysis.  In  the  Center  foulant  film  samples,  the  larger  con- 
centrations of  elements  existed  for  sulfur,  barium,  copper,  iron,  and 
zinc.  Sulfur  had  the  highest  concentration  in  samples  with  an  average 
value  of  7.07  percent  by  weight.  There  were  15  elements  found  by  XRF  anal- 
ysis of  the  fouling  probe  film  samples  but  not  found  by  XRF  analysis  of 
the  filtered  particulate  samples  from  the  Center  tests.  These  elements 
are:  bromine,  silica,  aluminum,  magnesium,  potassium,  zinc,  copper, 
nickel,  cobalt,  iron,  vanadium,  titanium,  barium,  calcium,  and  tin.  This 
data  suggests  that  elemental  analysis  of  filtered  particulate  samples 
alone  is  not  a good  indicator  of  foulant  film  elemental  composition. 
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Test  fuel  samples  were  analyzed  for  metals  by  an  Atomic  Baird  fuid 
analysis  spectrometer.  Each  fuel  sample  was  analyzed  for  20  elements  by 
these  tests.  Table  7 gives  a summary  of  this  analysis.  The  Center  and 
ADM  CALLAGHAN  test  fuels  were  found  to  contain  the  following  elements: 
calcium,  aluminum,  copper,  zinc,  lead,  chromium,  and  iron.  The  No.  2-D 
Center  test  fuels  contained,  on  the  average,  10.4  ppm  barium  but  no  boron. 
The  No.  2-D  ADM  CALLAGHAN  test  fuel  contained,  on  the  average,  10.6  ppm 
boron  but  no  barium.  Boron  and  barium  are  elements  not  normally  found  in 
petroleum  and  are  probably  the  result  of  fuel  additives.  All  metals  found 
in  test  fuel  samples  were  found  to  be  present  in  the  foulant  film  and 
filter  particulate  samples.  Elements  found  present  in  foulant  film  and 
filter  particulate  samples,  but  not  found  present  in  test  fuels,  are: 
bromine,  silica,  magnesium,  potassium,  nickel,  cobalt,  vanadium,  titanium, 
and  manganese.  Their  presence  can  be  due  to  factors  such  as  engine  wear 
and  lube  oil  deterioration,  impurities  in  engine  inlet  air,  soot  deposit 
removal  from  stack  walls  upstream  of  fouling  probe,  and  coalescer  residue 
carry-over.  The  levels  of  sulfur  in  the  foulant  films  are  due  to  metal 
sulfates  deposited  on  the  probe  and  sulfuric  acid  build-up  due  to  the  probe 
wall  temperature  being  at  or  near  the  dewpoint  temperature.  All  fuels 
were  analyzed  for,  but  did  not  contain,  detectable  concentrations  of  the 
following  elements:  magnesium,  vanadium,  sodium,  potassium,  silver, 
silicon,  titanium,  molybdenum,  tin,  and  nickel. 

The  sulfur  content  of  films  varied  somewhat  as  a function  of  probe 
hot  wall  temperature;  lower  temperature  surfaces  collected  films  with 
higher  sulfur  contents  than  those  for  films  collected  during  tests  at 
higher  probe  temperatures.  For  example,  a film  with  a 2.9-percent  sulfur 
content  was  obtained  from  a test  when  the  range  of  probe  hot  wall  temper- 
ature was  423°  to  457°F.  From  another  test,  when  the  range  of  probe  hot 
wall  temperatures  was  187°  to  202°F,  a film  with  a 12. 5-percent  sulfur 
content  was  collected.  From  the  shipboard  test,  when  the  range  of  probe 
hot  wall  temperatures  was  145°  to  229°F,  a film  with  an  11.9-percent  sulfur 
content  was  collected. 

A number  of  studies^  on  analysis  of  deposition  from  combustion  gases 
in  boilers  has  indicated  that  alkali  metal  sulfates  represented  a major 
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portion  of  boiler  economizer  tube  deposits  produced  from  combustion  of  a 
variety  of  coals  and  oils.  Even  studies  of  fouling  of  tubes  in  waste 
heat  boilers  backfitted  to  incinerators  indicate  predominantly  alkali 
metal  sulfates  in  fouling  camples. 

SUMMARY  AND  CONCLUSIONS 

The  cylindrical  fouling  probe  test  units  have  proved  effective  as 
total  heat 'flux  measurement  devices  for  experiments  of  fouling  film  build- 
up, film  chemistry,  film  thermal  resistance,  and  thermal  conductivity. 
Fouling  rates  have  been  established  for  a variety  of  operating  conditions. 

There  appears  to  be  a relationship  between  the  film  build-up  rate  and 
the  probe  insertion  time.  The  general  trend  is  initially  for  high  film 
build-up  rates  which  drop  off  quickly  with  time.  For  tests  of  near  equal 
times  and  exhaust  gas  temperature  and  velocity,  the  fouling  rate  tended 
to  be  influenced  by  the  probe  surface  temperature.  As  the  average  surface 
temperature  for  the  tests  increased,  the  average  fouling  film  build-up 
rate  and  film  sulfur  content  decreased.  Lower  wall  temperatures  produce 
thicker  fouling  films.  For  comparison  of  tests  of  similar  times  and  gas 
velocities,  the  fouling  rate  was  found  to  decrease  with  increased  local 
exhaust  gas  temperatures. 

The  instrumented  fouling  probes  provided  data  for  determination  of 
probe  heat  transfer  rate  from  exhaust  gas,  the  thermal  resistance  build- 
up due  to  the  fouling  film,  and  the  thermal  conductivity  of  the  fouling 
film.  When  the  probe  is  constantly  cooled  during  the  Center  test,  the 
measured  probe  heat  transfer  rate  decreased  (and  the  associated  total 
thermal  resistance  increased)  as  fouling  test  time  increased.  The  same 
trends  for  the  heat  transfer  rate  and  the  total  hot-side  thermal  re- 
sistance were  noted  for  the  long  shipboard  tests,  except  the  trends  were 
not  as  regular  with  time  as  in  shorter  Center  tests.  The  thermal  con- 
ductivity of  the  test  films  ranged  from  0.0204  to  0.0272  Btu/hr-°F-f t^/f t 

2 

(0.0353  to  0.0470  J/s-K-m  /m) . The  fouling  film  thermal  conductivity 
seems  insensitive  to  time,  and  it  agrees  with  published  values  for  com- 
ponents of  the  exhaust  gas  thermal  conductivity  at  test  gas  temperatures. 


Analysis  of  the  fuel  for  metals  and  analysis  of  the  fouling  film  by 
X-ray  fluorescence  indicate  that  up  to  30  percent  of  Center  test  film  sam- 
ples consisted  of  non-hydrogen/carbon  elements,  most  of  which  were  present 
as  fuel  impurities.  For  soot  deposits  from  combustion  of  a No.  2 fuel 
with  0.11-percent  sulfur,  cn  the  average,  7.07  percent  by  weight  of  the 
fouling  films  consisted  of  sulfur.  The  films  are  suspected  to  consist  of 
alkali  metal  sulfates  in  concentrations  between  10  to  30  percent  be  weight. 
This  indicates  that  fouling  deposits  from  shipboard  waste  heat  boiler 
operation  will  be  affected  by  more  alkali  metals  in  salty  air.  Analysis 
of  filtered  particulate  samples  by  X-ray  fluorescence  has  shown  that  the 
filtered  particulate  sample  is  not  a good  indication  of  elemental  concen- 
trations or  existence  of  elements  in  the  fouling  films.  There  was  a good 
correlation  between  elements  of  the  fuel  and  elements  in  the  fouling  films, 
but  this  was  not  true  for  elements  in  the  filtered  particulate  samples 
compared  to  those  found  in  the  films  or  the  fuel.  Barium,  zinc,  copper, 
iron,  and  sulfur  were  the  largest  concentrations  of  non-carbon/hydrogen/ 
oxygen  elements  found  in  film  samples  from  the  Center  tests.  Barium  and 
iron  in  metal lorganic  compounds  are  vary  effective  turbine  engine  smoke 
reduction  fuel  additives  and  are  suspected  fo  be  sources  for  these  ele- 
ments found  in  fouling  film  samples. 

The  reader  must  be  cuationed  that  these  data  from  Center  and  ADM 
CALLAGHAN  tests  are  for  fouling  of  a bare  tubular  surface  and  that  data 
from  Solar  Turbines  International  are  for  a finned  tubular  surface  for 
various  fin  pitches.  Solar  Turbines  International  measured  a von  Brand 
smoke  number  to  define  the  exhaust  particulate  loading,  while  for  the 
Center  and  ADM  CALLAGHAN  tests,  particulate  concentrations  were  measured 
with  an  EPA  Method  5 instrument.  It  is  impossible  and  can  be  misleading 
to  relate  the  two  measures  of  exhaust  particulate  loading,  but  it  can  be 
said  that  the  Solar  Turbines  International  data  up  to  a von  Brand  number 
of  20  is  equivalent  to  the  exhaust  particulate  loading  during  the  Center 
and  ADM  CALLAGHAN  tests.  Fouling  data  for  Solar  Turbines  International 
tests  at  von  Brand  smoke  numbers  higher  than  20  is  representative  of  foul- 
ing produced  by  combustion  processes,  causing  high  exhaust  particulate 
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concentrations  such  as  might  be  encountered  with  heavy  fuels  or  under  off- 
design  operating  conditions. 

The  Tubular  Exchangers  Manufacturers'  Association  (TEMA)  indicates  a 
fouling  factor  of  0.01  for  diesel  engine  exhaust  streams  (none  so  stated 
for  gas  turbine  engine  exhausts) . Assuming  that  this  factor  may  be  the 
same  which  the  TEMA  would  recommend  for  a gas  turbine  engine  exhaust  foul- 
ing resistance  factor,  a comparison  of  fouling  resistance  factors, 

°R-hr-ft  /Btu,  in  Table  5 and  Figure  10  indicates  the  following: 

1.  For  the  short  Center  tests,  thermal  resistances  due  to  gas-side 
fouling  were  the  same  as  the  TEMA  design  factor  for  test  times  up  to  3 hr. 
For  the  5-hr  test,  the  fouling  thermal  resistance  factor  was  1.5  times 
the  TEMA  factor. 

2.  For  the  shipboard  tests,  thermal  resistances  due  to  gas-side 
fouling  reached  maximum  values  of  four  times  the  TEMA  design  factor  during 
time  periods  between  70  and  90  hr  of  probe  insertion  time. 
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